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ABSTRACT 
 
Wideband Reflectarray Using Compact Coupled Element and Rectifying Antenna 
Combined with Reflectarray. (August 2011) 
Seong Won Oh, B.S., Republic of Korea Naval Academy; 
B.S., Yonsei University; 
M.S., Pohang University of Science and Technology 
Chair of Advisory Committee: Dr. Kai Chang 
 
The reflectarray has been considered as a suitable candidate to replace the 
conventional parabolic reflectors because of its high-gain, low profile, and beam 
reconfiguration capability. Narrow bandwidth of the reflectarray is the main obstacle for 
the various uses of the reflectarray. The wide band element with a large phase variation 
range and a linear phase response is one of the solutions to increase the narrow 
bandwidth of the reflectarray. Several elements with a large phase range and a linear 
response have been developed, but their configurations are complex.  
Simple methods have been investigated in this dissertation to develop wide band 
elements. A microstrip ring and slot element with a large phase range is introduced and 
modified for a better linear response. A coupled element with a linear response has been 
developed. A method is proposed to design a two-layer reflectarray with multi-resonant 
elements of various sizes for wideband operation. The element dimensions are adjusted 
by Particle Swarm Optimization routine to achieve the appropriate phase distribution for 
 iv 
a predetermined frequency band. In another approach to increase the operation bands, a 
six-band reflectarray has been developed. 
As a new application of a reflectarray, a rectifying reflectarray, which is composed 
of a rectenna and a reflectarray, is introduced in this dissertation. The reflectarray directs 
RF energy from its aperture to the rectenna located on the feed point of the reflectarray. 
This configuration eliminates complex feeding networks and design difficulties of the 
conventional rectenna array. 
A Double Sided Parallel Strip Line (DSPSL) is adapted for the feeding network of 
the Archimedean spiral antenna. The DSPSL operate very well to feed the Archimedean 
spiral antenna over the bandwidth.  
The research presented in this dissertation suggests useful techniques for wideband 
reflectarrays, wireless power transmission, and wideband antenna designs.  
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CHAPTER I 
INTRODUCTION 
 
1.1 Background 
For many decades, large reflector antennas have been widely used in high gain 
applications such as satellite communications, radars, radio astronomy, and deep-space 
communications. The reflector antenna features high gain over wide frequency ranges. 
However, their curved surface is an obstacle for some applications that require small 
volume, low profile, and mounting simplicity, because the curved geometry result in 
heavy weight, bulky size, and manufacturing difficulties. Also, the capability of pattern 
reconfiguration, beam steering and beam shaping, is limited without mechanical devices.  
A class of antennas, called a reflectarray, was introduced by D.G. Berry in 1963[1]. 
It combines the versatility of the array that the array can produce variable radiation 
pattern with the simplicity of reflector that the complex and loss feeding network is not 
required. A reflectarray consists of many unit antenna elements placed on a grid and a 
main feed antenna. After developing microstrip patch antennas, a reflectarray using 
microstrip patch elements, called a microstrip reflectarray, has emerged as an alternative 
of high-gain reflector antennas, especially, parabolic reflector antennas. This microstrip 
reflectarray antenna has same merits with microstrip antennas such as manufacturing 
 
____________ 
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simplicity, light-weight, and low- profile, and it also have merits of the phased array 
such as the beam scanning capability. So microstrip reflectarrays have been intensively 
studied. 
However, one drawback associated with the reflectarray antenna is its inherent 
narrow bandwidth due to the limited bandwidth of the microstrip element and the 
differential spatial phase delays [2, 3]. To overcome this narrow bandwidth of the 
reflectarrays, multi-band configuration of the reflectarrays [4-6] and wide-band 
reflectarray are presented [7-9].  
Another application of the reflectarray is microwave wireless power transmission 
(WPT). The primary source of energy is now fossil fuels like oil and natural gas, and it 
has been in short supply. As the amount of fossil fuels has been decreasing, reusable 
energies obtained from wind, sun, and tide have been attracted as new energy sources. 
WPT as well as reusable energy have been focused as one of the technologies for solving 
the world energy problems. WPT will make an important role in transmitting the energy 
generated from reusable source.  
In WPT, the rectenna which is rectifying circuit integrated with an antenna is the 
key component. The rectenna which means „rectifying antenna‟ was developed in the 
1960‟s by W.C. Brown. The rectenna combined a half-wave dipole antenna and a single 
diode to convert 2.45 GHz RF to DC. Brown achieved 90.6% conversion efficiency 
using GaAs-Pt shottky barrier diode and aluminum bar dipole [10]. During oil crisis, the 
concept of WPT extend to solar power satellites (SPS) and solar power transmission 
(SPT) [11, 12]. The SPS collects sun‟s radiation energy in space and transfers it to 
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ground stations on the earth using microwave power transmission technology. The 
demonstration of a large-scale wireless power transmission was conducted in 1975 by 
the Jet Propulsion Laboratory and Raytheon, which built a 18 x 24 ft
2
 rectenna array 
with 5,000 elements working at 2.45 GHz [13]. After the demonstration, several 
measurements were conducted in Japan and the United states. For higher DP power 
output, rectennas were combined into several array types. However, the rectenna array 
designs have some difficulties because of lossy feeding networks and coupling between 
neighborhood elements.  
 
1.2 Dissertation organization 
This dissertation presents a several topics including multi-band reflectarray, wide-
band microstrip reflectarrays using elements with linear phase response, a wide-band 
reflectarray optimized by Particle Swarm Optimization techniques, rectenna combined 
with a reflectarray, and spiral antenna fed by Double Sided Parallel Strip Line (DSPSL).  
Chapter II reviews the fundamental theory of the reflectarray based on parabolic 
reflector geometry. Theoretical analysis for center-fed reflectarray, offset-fed 
reflectarray, simulation setup using a waveguide approach, and efficiency of the 
reflectarray, are presented.  
Chapter III deals with microstrip reflectarrays achieving large reflection phase range. 
Variable microstrip ring and slot element is proposed, and it shows large phase variation 
range of 682º on single layer. Simple technique to add a circular slot on ground plane 
increases the phase range almost twice than a conventional ring element. To get a linear 
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response, a modified microstrip ring and slot element is proposed. This element shows 
linear phase response with same phase variation range.  
Chapter IV proposes a coupled element composed of a split ring and a strip line as a 
reflectarray unit cell. The two components in the element are coupled through gaps, and 
the element shows linear response which results in wide 3-dB gain bandwidth of 19%.  
Chapter V reviews Particle Swarm Optimization technique, and introduces a 
wideband reflectarray using the optimization routine. The each element on the 
reflectarray is adjusted to achieve the required phase distribution in a predetermined 
frequency band. The prototype reflectarray shows wide bandwidth and gain stability 
improvements in the given band. 
Chapter VI presents a six-band reflectarray configuration on two layers. The 
elements of 6.6, 18.7, 57.5, 52.5, 166, 183.3 GHz are located on top and bottom layers. 
Each substrate layer accommodates three frequency bands. The possibility of this 
configuration, the achievable phase range and the coupling effect, is investigated. 
Chapter VII introduces a new class of rectenna configuration combined with a 
reflectarray. The main purpose of this configuration is to reduce the complex feed 
network in a rectenna array. A wireless power transmission theory and system are 
reviewed. A high gain rectenna based on CPS structure is presented. A quadruple 
pentagonal loop antenna achieves a high gain of 12.5 dBi. The proposed antenna is 
combined with rectifying circuit, and located on the feed point of the reflectarray. The 
combination shows the conversion efficiency of 71%. 
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Chapter VIII proposes a DSPSL-fed Archimedean spiral antenna. Using wide 
bandwidth characteristics of Double Sided Parallel Strip Line, the spiral antenna shows 
wide bandwidth from 2.5GHz to 20GHz. 
 6 
CHAPTER II 
FUNDAMENTALS OF REFLECTARRAYS 
 
2.1 Introduction 
In this chapter, some basic theoretical aspects concerning reflectarrays are 
described, and then a method to calculate a reflection phase from a reflected wave is 
introduced. The fundamental theory of the reflectarray in this section is cited from [3, 
14]. Fig. 1 shows the geometry of a parabolic reflector and a microstrip reflectarray. 
Contrary to a metallic curved surface of parabolic reflector, a reflectarray consists of a 
flat array of microstrip radiating elements, printed on a grounded substrate. A feed 
antenna of both antennas is located at the focal point of a parabolic curve, and they 
illuminate the curved reflector or the array. When the wave from the feed antenna is 
incident on the reflectarray surface, the elements of the reflectarray will reradiate the 
incident wave into the space. However as can be seen from Fig. 1 (b), the incident path 
lengths for the field propagating from the feed antenna to the elements are different. 
Therefore the reradiated field will not be coherent in a desired direction. In a reflectarray, 
the path adjustment of different rays is done by the array elements instead of geometrical 
shape of the parabolic reflector.  
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ReflectarrayParabolic 
reflector
Co-phasal plane Co-phasal plane
Feed antenna
(focal point)
Feed antenna
(focal point)
Parabolic 
reflector image  
(a) Parabolic reflector                           (b) Microstrip reflectarray 
 
Fig. 1. Parabolic reflector as compared to microstrip reflectarray 
 
The key to the reflectarray design is to adjust the reflection phase of each element to 
compensate for the path differences so that the reradiated fields from each element 
would be collimated towards a specific direction.  
 
2.2 Front-fed reflectarray 
The analysis is derived by comparing the configurations of a parabolic reflector and 
a flat microstrip reflectarray. Fig. 2 shows the block diagram of a flat reflectarray with 
its virtual parabolic curve. An incident plane wave strikes the parabolic reflector‟s metal 
surface and bounces to a focal point a distance f above the center of the parabolic 
reflector. Each reflectarray elements are located at a position (x’, y’) from the center of 
the array (0,0). The distance between the focal point and any antenna element is denoted 
as rmn. The angle θ
’
 is the angle between the path connecting the focal point and the array 
center and the path connecting the focal point and the antenna element. 
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f
Reference 
Plane
Parabolic 
Reflector image
rmn
s
r'
dr
θ0
θ'
d
 
Fig. 2. Path calculation of reflectarray 
 
The dimension of the reflector (d) and the largest angle (θ0) from the center of the 
parabolic reflector to its edge are related [15] as                      
 10 2
0.5
tan
1
16
f
d
f
d
 
 
 
 
  
  
  
 (1) 
From equation(1), the diameter of the reflectarray can be determined by  
  02 tanrd f   (2) 
The angle θ’ can also expressed as  
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'2 '2
' 1tan
x y
f
 
 
 
 
 
  (3) 
The distance from the focal point to any point on the parabolic surface is [15] 
 '
'
2
1 cos
f
r



 (4) 
For any angle θ’, the distance from the reference plane of the reflectarray to the focal 
point is (s + s cos θ’) longer than the corresponding ray trace from the reference plane of 
the parabolic dish to the focal point. This additional path length must be compensated in 
the design of the reflecting element array in order to provide the parabolic phase front 
across the surface of the array. The path length in radians is 
 ' '0
0
2
( cos ) ( cos )
f
k s s s s
c

       (5) 
where f0 is the design frequency of the array and c is the speed of light. The distance s is 
equal to  
 '
'cos
f
s r

   (6) 
The antenna elements are designed properly to compensate for the additional path 
lengths Δl. Once the field reflected from identical elements in the infinite array is known, 
the equation to find out the phase of the reflected field at the n-elements can be written 
as: 
 '0
2
( cos ) 2n
f
s s N
c

      (7) 
 ( )n nang E   (8) 
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where n is the phase of the reflected field at the n-elements, and {1,2,3...}N   is an 
integer. The equation (7) states that the total phase from the feed to an aperture in front 
of the reflectarray should be constant.  
 
2.3 Offset-fed reflectarray 
The analysis to calculate the needed phase delay is derived based on the comparison 
of the geometrical configurations between an offset parabolic reflector and a flat 
microstrip reflectarray. The block diagram of the reflectarray with its virtual parabolic 
surface is shown in Fig. 3.  The microstrip reflectarray elements are placed at 
( , , )re re rex y z in the ( , , )x y z coordinate system. 
Imaginary
Parabolic 
reflector
Boresight 
F
Incident 
wave
Reflectarray
D
Feed 
z
x
b
b
Z'
f
b
y
Dref
Center
f
0
fre
rF
 
Fig. 3. Offset reflectarray block diagram 
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Referring to Fig. 3 and specifying the reflectarray‟s dimension refD , the vertical distance 
from the reflectarray‟s lower edge to the feed ref , and the desired scan angle b , the 
phase center of the feed is  
 sin( )f re bx f   ,  0fy  ,  cos( )f re bz f   (9) 
From the phase center of the feed, the center of the microstrip arrays on the 
reflectarray‟s surface is obtained such that the incident angle of the feed horn f , relative 
to the normal of the reflectarray‟s surface is very close to the main beam scan angle b .
 
By choosing the value of f  very close to b , the effect of beam squint with frequency 
can be minimized to a great extent for an offset feed system.   
Since the center of the microstrip arrays on the reflectarray‟s surface lies on the surface 
formed by the parabolic reflector, the subtended angle 0  can be determined with its 
corresponding focal length defined as 
 0
(1 cos( ))
2
FrF

  (10) 
Now the origin in the ( , , )x y z coordinate system is redefined such that the phase 
center ( , , )f f fx y z  of the feed is placed at (0,0, )F  and the ( , , )re re rex y z  coordinates of 
the microstrip reflectarray elements are also transformed accordingly. The surface of a 
parabolic reflector is formed simply by expressing the value of shz  coordinate in terms 
of rex  and rey .  That is, 
 
2 2
4
re re
sh
x y
z
F

  (11) 
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Finally, the path difference is given by 
 2 2 2 2 2 2( ) ( )re re re re re sh sh rel x y z F x y z F z z            (12) 
 
2.4 Phase of reflected field from element 
In this work, the phase of the reflected field from an element is computed using 
HFSS
TM
 3D Full-wave Electromagnetic Field Simulation software[16]. As shown in Fig. 
4.(a), the phase of the reflected field from a single unit cell can be calculated using 
suitable boundary conditions: two E-walls and two H-walls, that is, perfect electric 
conductor and perfect magnetic conductor respectively. According to image theory, the 
excited current on an element will be duplicated to four-way like Fig. 4.(b), so this 
configuration is equivalent to an infinite array with identical elements.  
 
E walls
H walls
k0 E
 
(a) 
Fig. 4. Simulation setup for a unit cell in a waveguide with (a) boundary conditions 
equivalent to an infinite array and (b) duplicated currents from these boundaries 
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Fig. 4. continued. 
 
The reflection coefficient resulted from the simulation using HFSS is  
 inc
refl
E
E
   (13) 
By setting the phase of the incident wave as reference, that is, 
0,inc iE E and 
0,
j
refl rE E e
  , the above equation becomes as [17] 
 
0,
0,
j ji
r
E
e e
E
       (14) 
The required phase in Eq. (7) can be obtained from the simulation results, even though 
the simulation was conducted for a normal incident field. However, the reflected phase 
does not differ for incidence angles smaller than 40 degrees [18]. Therefore, the 
simulation results at normal incidence can be used in reflectarray design. 
 
2.5 Aperture efficiency of reflectarray 
In the design of a reflectarray system, the aperture efficiency is one of the most 
important factors to predict the reflectarray system performance. Similar to the normal 
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parabolic reflector, the design of the reflectarray system usually begins with a specified 
gain. The gain of a reflectarray antenna can be obtained by the product of the aperture 
directivity and the aperture efficiency. The aperture directivity Dr is determined by the 
aperture area A as 
  
2
4
r
A
D


  (15) 
then, the gain of the reflectarray antenna is defined as 
 
2
4
r a a
A
G D

 

    (16) 
If the aperture efficiency does not include the efficiency factors related with the feed loss, 
reflectarray element loss, polarization loss, and mismatch loss, the aperture loss is 
determined by two dominant efficiency terms in the reflectarray design: the spillover 
efficiency (ηs) and the illumination efficiency (ηi). So, the aperture efficiency can be 
defined as  
 a s i    (17) 
To calculate the efficiencies of the reflectarray, the radiation properties of the feed 
antenna should be modeled. Among various radiation models, cos
q
 θ pattern is used in 
this study due to its simplicity.   
 cos (0 )
2
q
fU

     (18) 
The parameter q determines the pattern shape and the directivity of the feed antenna.  
Fig. 5 shows the directivity of the feed antenna versus the q value. The larger q value, 
the higher directivity is. Once the feed antenna is designed with a specific directivity, the 
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q value is obtained. To verify the cos
q
 pattern, Fig. 6 shows the real antenna pattern with 
10 dBi of directivity and the cos
q
 pattern with 2 of q value. As seen from the graph, two 
patterns are matched well with each other.  
 The spillover is defined as the ratio of the power intercepted by the reflecting 
elements to the total power, which is usually considered in transmit mode. Fig. 7 shows 
the reflectarray configuration for spillover efficiency, which is the percentage of the 
radiated power from the feed that is intercepted by the reflecting aperture [19]. 
 
( )
( )
s
total
P r s
P r s
 
 
 
 (19) 
where the denominator is the total power radiated by the feed, and the numerator is the 
portion ζ of the power incident on the array aperture.  
 
q
0 2 4 6 8 10
D
Ir
ec
ti
v
it
y
 (
d
B
i)
2
4
6
8
10
12
14
16
18
 
Fig. 5. Directivity vs. q factor of the feed 
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Fig. 6. The real antenna pattern vs. cos
q
 pattern 
 
The spillover efficiency in equation (19) can be expressed in terms of the design 
parameters of the reflectarray system [19] as 
 
22 /2 2 2 2
0
3
00 0
2 1
2 2
qD
s
r r sq H
d
r r r

  

  
  
 
   (20) 
Thus, ηs is a function of six design parameters [19]:  
 0 0 0( , , , , , )s s D H q x y    (21) 
From the result, the spillover efficiency is free from the reflectarray element pattern 
among all the configuration parameters. 
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Fig. 7. Reflectarray configuration for spillover efficiency 
 
 The illumination efficiency is efficiency loss due to non-uniform amplitude and 
phase illumination of the aperture plane.  
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A
i
a
A
I x y dA
A I x y dA
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

 (22) 
where I(x, y) is the amplitude distribution over the aperture. This can be also calculated 
[19] as 
  
2
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 
 (23) 
which means that ηi is a function of seven parameters:  
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 0 0 0( , , , , , , )i i eD F q x y q    (24) 
 The aperture efficiency of the reflectarray can be calculated once the spillover 
efficiency and illumination efficiency are determined. 
 0 0 0( , , , , , , )a i s eD F q x y q    (25) 
 In the design of a reflectarray, it is desired to find the maximum aperture 
efficiency with the given design parameters. Especially, the feed location is an important 
parameter in a practical design. The feed location is described by the offset angle θ0 and 
the height F.  
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CHAPTER III 
MICROSTRIP REFLECTARRAYS USING LARGE PHASE CONTROLLABLE 
ELEMENT* 
 
3.1 Introduction 
Recently, reflectarray antennas have been studied to replace the conventional high 
gain parabolic reflectors because of their low profile structures and light weight. A 
microstrip reflectarray consists of many microstrip radiating elements which are 
designed to reradiate the incident field with proper phases [20]. The phase range is 
required up to 360° to compensate the spatial phase delay between the parabolic 
curvature and each radiating element location on the flat reflectarray. Due to the less 
metallization as compared to patches, microstrip rings are commonly used as reflectarray 
unit cells. The use of the ring element has several advantages such as compact size, 
broader circular polarization bandwidth, and little blockage of the incident field in multi-
layer structures [21]. The reflectarray‟s phase correction for rings can be achieved by 
changing ring sizes [22] or rotating elements for circular polarization (CP) [21, 23], but 
the phase variation ranges are normally limited to less than 360°. To achieve the larger 
phase ranges, multi-layer stacking techniques have been used [24, 25], which result in 
design and fabrication complexity.  
                                                
 
* Parts of this chapter are reprinted with permission from S.W. Oh, C.H. Ahn and K. Chang, 
“Reflectarray element using variable ring with slot on ground plane,”Electronics Letters, vol. 
45, pp.1206-1207, Nov. 2009, Copyright 2009 by IET. 
 20 
The primary goal of the design for reflectarrays is to develop elements having wide 
phase variation range to achieve high gain performance. Different elements having a 
wide phase variation range are introduced and discussed. Some different prototype 
reflectarray are presented.  
 
3.2 Variable microstrip ring and slot element 
A. Introduction 
In this section, a new design of a unit cell composed of a microstrip ring with a slot 
ring on the ground plane is proposed. The novel structure is used to overcome the 
limited phase range for the conventional ring element. The proposed unit cell achieves a 
smooth phase variation over 680° phase range on a single layer. The additional slot ring 
structures are only used for 10% of the elements on the reflectarray because using them 
for 100% of the elements would allow too much fields leakage through slots. The 
reflectarray is fabricated and measured at K-band.  
B.  Element design 
The reflectarray structures composed of microstrip rings on the top surface and some 
slot rings on the bottom surface are shown in Fig. 8. The reflectarray are designed and 
fabricated on a RT/Duroid 5870 substrate with permittivity εr = 2.3 and tan δ = 0.0005 to 
operate at center frequency of 22 GHz. The phase responses of these structures are 
simulated using Ansoft HFSS simulation software with periodic boundary conditions. 
The thickness of the substrate is 0.81 mm. 
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Fig. 8. Microstrip ring and slot element 
 
The slot rings on the ground plane have the same dimensions as the upper 
microstrip ring. The progressive phase responses of elements are achieved by controlling 
the radius of rings. In Fig. 8, the width of the microstrip ring, wm is set to 0.4 mm and the 
width of the slot ring, ws is given as 0, 0.3, and 0.5 mm. 
The reflection phase responses of the structures for a normal incident wave are 
shown in Fig. 9. The reflection phase range of a microstrip ring no slot ring with the 
ground plane (ws = 0 mm) can reach up to 339°. However, the reflection phase range is 
substantially increased more and the curve is smoother when a slot ring is added on 
ground plane. Because the slot ring on the ground plane perturbs the electrical field and 
current paths, the phase range of the unit cell can reach up to 682°.  
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Fig. 9. Phase response as a function of the ring radius 
 
Fig. 10 shows the required phase at each element on the surface of the 
reflectarray. The required phase was calculated by Matlab software according to each 
element location, feed location, and the main beam direction. Fig. 11 and Fig. 12 show 
the mask of the reflectarray composed of microstrip rings on top plane and some slot 
rings on ground plane, and the fabricated prototype reflectarray etched with the mask, 
respectfully. In Fig. 11, the microstrip rings are shown on the white background (top 
plane), and the slot rings are shown on the black background (bottom plane). On the top 
plane, the center to center spacing of elements is set to be 0.5 λ0 in both x- and y- 
directions, that is, the unit cell size is 7 mm × 7 mm. There are 1,056 elements printed on 
a 24 cm × 23 cm size substrate. On the bottom plane, the slot rings are only required to 
cover 10% of the microstrip rings on the top. 
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Fig. 10. Required phases calculated in Matlab 
 
 
 
       
                                      (a)                                                              (b) 
Fig. 11. Reflectarray layout: (a) top surface, (b) bottom surface 
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(a)                                                         (b) 
Fig. 12. Fabricated reflectarray: (a) top surface, (b) bottom surface 
 
C. Measured results 
Fig. 13 shows the measurement setup for the prototype reflectarray. The feed horn 
antenna offset angle is 20° with reference to broadside to avoid the blockage from the 
horn antenna. An 18-26 GHz feed horn antenna was used as a primary source and it was 
located at 250 mm from the bottom edge of the reflectarray.  
The normalized radiation patterns at 22 GHz for E and H-planes are shown in Fig. 14. 
The asymmetry of the radiation patterns is due to the metal supporting structure used for 
the feed and array. A half-power beam width is measured to be 3.4° in the E-plane and 
the first side lobe level (SLL) is -18.4 dB relative to the main beam. In the H-plane, a 
half-power beam width is 3.5° and SLL is –21.1 dB. Cross-polarization levels are below 
-30 dB in both planes. The maximum gain of the reflectarray is 33.4 dBi at 22 GHz. It is 
0.3 dB higher than that of the reflectarray using only microstrip rings on the substrate. 
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Because of leaky waves generated from slots, the back scattering level of the reflectarray 
is 4 dB higher than the conventional reflectarray, but it still remains below -30 dB.  
 
 
Fig. 13. Measurement setup 
 
D. Conclusions 
A novel unit cell based on a microstrip ring with a slot ring on ground plane has been 
presented. The phase response range of the unit cell is greater than 682° with a smooth 
phase variation. This is accomplished by adding slot rings on part of the ground plane. A 
reflectarray of 1,056 elements is designed and measured at 22 GHz to demonstrate this 
concept. The maximum gain and half-power beam width is 33.4 dBi and 3.4°, 
respectively, and this array gives better performance than the conventional  reflectarray.  
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Fig. 14. Measured radiation pattern: (a) H plane (b) E plane 
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3.3 Modified microstrip ring and slot element 
A. Introduction 
In Section 3.2, a circular slot added on a ground plane increased the phase range 
of an element. However, since the phase variation of the element is not smooth the 3dB 
gain bandwidth was limited to 7.4 %.  
In this section, an improved ring-plus-slot element is proposed for improving the 
phase slop as well as its range. The proposed element consists of a microstrip ring placed 
on top of a circular slot and an additional layer with a ground plane. A ground plane is 
added under the slot to increase the interaction between the slot and the ground plane, 
producing a smooth phase variation. A ground plane also eliminates undesirable 
relations with the surface material where a reflectarray will be installed, and prevents 
energy leakage through the slots.  
A progressive phase shift can be achieved by varying the radii of both the ring 
and the slot. The linearity of the phase variation is also improved. The effects of the 
available several design parameters of the proposed unit cell are discussed below, and 
the results of a prototype reflectarray working at 20 GHz are presented. 
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B. Element design and characteristics 
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(c) 
Fig. 15. Modified reflectarray unit cell using a ring and a slot on the ground plane: (a) 
perspective view, (b) top view and (c) side view 
 
The configuration of the proposed reflectarray element is shown in Fig. 15. A 
microstrip ring is printed on the top conducting surface of a substrate of height h1, and a 
circular slot is etched on the bottom surface of the substrate. A ground plane is placed on 
the bottom of another substrate with a height h2. The unit cell is a square lattice with a 
side length (L) of 7mm, which is 0.47 λ0 at 20 GHz, in both the x- and y- directions. The 
reflected phase of the unit cell has been calculated using Ansoft IS HFSS finite-element 
analysis software [16]. For this phase calculation, the cell was excited by a normal 
incident plane wave with a linearly polarized electric field. The equivalent unit cell 
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waveguide approach has been used to simulate a unit cell in an infinite periodic array, 
and taking into account all interactions with neighboring elements [26]. The substrate of 
the proposed element is Roger/Duroid 5880, with a relative permittivity εr = 2.2 and loss 
tangent tan δ = 0.0004 [27]. Fig. 16 shows the performance of the ring-plus-slot element. 
Three types of combinations are shown: a variable ring without a slot (i.e., ws = 0); a 
variable ring with a fixed slot; and a variable ring with a variable slot. All three 
combinations have a substrate thickness h1 = 0.7874 mm, a microstrip ring width wm = 
0.4 mm, and a slot ring width ws = 0.4 mm. It can be concluded from Fig. 2 that a 
variable slot produces the most desirable the reflected phase. The variable ring without a 
slot and the three fixed slots provide an overall phase variation of less than 360°. The 
fixed slots just change and shift the phase range slightly. On the other hand, a variable 
ring with a variable slot achieves over 650° of phase variation. In the cases of a fixed 
slot, a microstrip ring just interacts with one of an outer copper and an inner circular 
patch in a slot, because the size of a ring and a slot are too different. However, in the 
case of a variable slot, a microstrip ring coupled with an inner circular patch, an outer 
copper and a ground plane, and the inner patch also interact with the ground plane; 
therefore, these additional coupling make wide and linear phase response. 
The effect of the substrate thickness h1 is shown in Fig. 17. The thinner 
substrates provide larger phase variation ranges, but their phase responses are less linear 
than the ones of the thicker substrates. The h1 value can be adjusted for optimum trade-
off between the phase range and linearity. A substrate thickness of 0.7874 mm has been 
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chosen for our prototype because it gives a better phase range and linear characteristics 
for the proposed element. 
 
Ring Radius, rm (mm)
0.5 1.0 1.5 2.0 2.5
R
ef
le
ct
io
n
 P
h
as
e 
(d
eg
)
-600
-500
-400
-300
-200
-100
0
100
200
No slot
rs = 1.5 mm
rs = 2.0 mm
rs = 2.5 mm
Variable slot
h1 = 0.7874 mm
h2 = 0.7874 mm
wm = 0.4 mm
ws  = 0.4 mm
dms = 0.0 mm
 
Fig. 16. Phase response as a function of the slot radius (rs) 
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Fig. 17. Phase response as a function of the substrate thickness (h1) 
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Fig. 18 and Fig. 19 show the effect of the microstrip ring width wm and the slot 
width ws, respectively, on the reflected phase. Smaller ring and slot widths produce a 
larger phase variation range, but also yield a steeper slope. Considering these responses, 
the ring and slot width of our prototype were chosen as 0.4 mm and 0.5 mm, respectively.  
Fig. 20 shows the effect of the difference dms between the ring and the slot radii. As 
shown in this figure, this difference impacts primarily the linearity of the phase. A slot 
radius that is 0.2 mm smaller than the ring radius gives a reasonable linear slope. 
Varying dms changes the inductance (the ring and the patch), and the capacitance (among 
the ring, the patch, the outer copper, and the ground plane), creating a smoother phase 
response [28]. In conclusion, the proposed unit cell structure with (h1 = h2 = 0.7874 mm, 
wm = 0.4 mm, ws = 0.5 mm, and dms = 0.2 mm) selected from the just discussed 
parametric studies, achieved an improved phase range of 707° with better linear 
characteristics than those discussed in Section 3.2.  
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Fig. 18. Phase response as a function of the ring width (wm) 
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Fig. 19. Phase response as a function of the slot width (ws) 
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Fig. 20. Phase response as a function of the radius (dms), dms = dm - ds 
 
C. Array realization and measurement 
In order to verify the performance of a reflectarray using the proposed rings and 
slots on a ground plane, a prototype was fabricated and measured at the center frequency 
of 20 GHz. Fig. 21 and Fig. 22 shows required phase distribution on the surface of the 
prototype reflectarray and the fabricated reflectarray, respectively. The reflectarray is 
fabricated on a 22 × 24 cm
2 
(Rh × Rv) substrate, and has 31 × 33 (1,023) ring elements 
printed on a dielectric top surface, and etched on a dielectric bottom surface. Fig. 23 
illustrate that the offset angle θ, between the feed horn boresight and the normal 
direction to the array surface was set to 20° to avoid field blockage due to the feed horn 
antenna. The f/D ratio of the parent parabolic reflector was set to 1. Therefore, the 
diameter D and the focal length f of the parabolic reflector are 226 and 235 mm, 
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respectively. According to the parent reflector configuration, the feed horn antenna was 
located at a distance of Rf = 250 mm from the array lower edge. The gain of this 
prototype reflectarray was measured by comparison with a standard gain horn antenna. 
Fig. 24 shows the measurement setup for the prototype reflectarray. 
 
 
Fig. 21. Phase distribution on the reflectarray 
 
       
  (a)                                                       (b) 
Fig. 22. Fabricated reflectarray: (a) top substrate, (b) bottom substrate 
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Fig. 23. Overall reflectarray antenna geometry 
 
 
Fig. 24. Measurement setup 
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Fig. 25 shows the E- and H-plane co- and cross-polarized normalized radiation 
patterns, at 20 GHz. The maximum gain of the reflectarray is 32.5 dBi and its efficiency 
is 64.2%. The E-plane measured half-power beam width is 4.1°, and the relative first 
side lobe level (SLL) is –17.1 dB. The H-plane half-power beam width is 4.0°, and the 
SLL is –18.4 dB. The measured polarization purity in the boresight direction is about 30 
dB in both planes. Fig. 26 shows the dependence of the reflectarray gain with frequency. 
The 3 dB gain bandwidth is 15.6%, which is more than twice the bandwidth obtained in 
Section 3.2. This improvement comes from the used array cell more than 360° phase 
range with a smoother phase response. A behavior that is achieved by the multi-coupling 
mechanism presented in the unit cell. 
D. Conclusions 
A novel reflectarray unit cell composing of a variable microstrip ring and a 
circular slot has been presented. Several design parameters were investigated with an eye 
on improved reflected phase responses. The proposed unit cell has the advantage of 
yielding a large phase variation range, and an almost linear phase slope. A reflectarray 
using about 1,000 elements was designed and measured at 20 GHz, to verify the 
performance of the proposed element. This reflectarray yielded a gain of 32.5 dBi with a 
broad 3dB gain bandwidth of 15.6%. 
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Fig. 25. Measured radiation patterns (a) E-plane (b) H-plane 
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Fig. 26. Measured gain as a function of the frequency 
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CHAPTER IV 
WIDEBAND REFLECTARRAY USING COUPLED ELEMENT WITH 
SMOOTH PHASE VARIATION 
 
4.1 Introduction 
Microstrip reflectarrays have been studied as an alternative to the parabolic reflector 
due to its advantages such as profile size reduction, large angle tilting ability, and lower 
manufacturing cost. However, its most critical drawback is a narrow bandwidth 
performance, compared to the parabolic reflector, caused by two factors: the narrow 
bandwidth of the radiating elements and the differential spatial phase delay [3]. To 
overcome the narrow bandwidth of the microstrip reflectarray, array elements with a 
linear phase response can be used. The linear phase responses can be achieved in several 
ways using thick substrates, multiple stacked patches [24] and aperture-coupled phase 
shifters [29]. However, these methods result in fabrication complexity and weight 
increase, because of their multiple layer structures or their thick substrates. 
In this paper, a phi-shape element is proposed as a reflectarray unit cell to improve 
the linearity of a phase response as well as to increase a phase variation range using a 
simple structure. The proposed phi-shape element combines two components which are 
a microstrip split ring and a dipole on a substrate, and this element produces a large 
phase range more than 418° and a linear phase response with a low slope. A prototype 
reflectarray using these elements is designed and measured at 20 GHz. 
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4.2 Element design 
The phi-shape element in Fig. 27 is simulated on a RT/Duroid 5880 substrate 
with permittivity εr = 2.2 and tan δ = 0.0004 to operate at center frequency of 20 GHz. 
The phase responses of this structure are calculated using Ansoft HFSS simulation 
software with periodic boundary conditions to take into account interactions with 
neighbor elements. The substrate thickness is 0.79 mm. The unit cell is a 0.47 λ0 square 
lattice (a = 7 mm) in both the x- and y- directions, and it is excited by a linearly 
polarized electric filed in the y-direction. 
The phi-shape element combines a uniform size split ring and a variable dipole. 
A progressive phase shift can be achieved by varying the dipole length dl with a dipole 
width dw of 0.3 mm. The split ring dimensions are set to be an outer radius r = 2.0 mm, a 
ring width rw = 0.3 mm, and a split width sw = 0.6 mm. The radius of the split ring was 
estimated by [30], and then it was modified by parametric studies through Ansoft HFSS 
software. 
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Fig. 27. Geometry of reflectarray elements 
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Fig. 28 shows the phase shift of the proposed element as a function of a dipole 
length. The phase response graphs which a variable split ring and a variable dipole can 
produce are added to compare the linearity of the responses. The phase variation range 
of 418° and the almost linear phase response with a slow slope are achieved. In the 
proposed element, the coupling gap d, the distance between the split ring and the dipole, 
affects the linearity of the phase variation curve. A large d, results in a smaller linear 
phase response. Therefore, the d is chosen to be the thinnest value of 0.15 mm, which is 
the accuracy of our etching facility.  
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Fig. 28. Phase variation of proposed element 
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4.3 Array realization and measured results 
Fig. 29 and Fig. 30 show the required phase distribution of the reflectarray and the 
fabricated reflectarray based on the distribution.  
 
 
Fig. 29. Phase distribution of the reflectarray 
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Fig. 31 shows the prototype reflectarray configuration using 31 × 33 (1,023) phi-
shape elements printed on a 22 × 24 (Rh × Rv) cm
2
 size substrate. The offset angle θ 
between the source antenna and the normal direction of the array is set to be 20° to 
prevent blockage of the source horn antenna. The source horn antenna is installed at a 
distance of Rf (250 mm) from the array bottom edge, which results in the f/D ratio of 
0.96. Fig. 32 shows the normalized radiation patterns at 20 GHz for both E- and H-
planes. The maximum measured gain of the reflectarray is 33.0 dBi. The E-plane 
measured half-power beam width is 3.8° and the first side lobe level is -16.7 dB. The H-
plane half-power beam width is 3.7° and the side lobe level is -18.2 dB. The measured 
cross polarization level in the boresight direction is more than 30 dB in both plane. The 
asymmetry of the E-plane patterns is due to the metal supporting structures used for the 
feed and the array. Fig. 33 shows the reflectarray gain against frequencies. A wide 3dB 
gain bandwidth of 19.0 % is achieved using these simple unit cells on a single layer. 
 
D
Feed
(Linear polarization)
y
f
Parent
parabolic 
reflector
Reflectarray
θ
Boresight
Rf
Rv
θ
z
Rh
Rv
 
Fig. 31. Prototype reflectarray antenna geometry 
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(b) 
Fig. 32. Measured radiation patterns: (a) E plane, (b) H plane 
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Fig. 33. Measured gain as a function of frequencies 
 
4.4 Conclusions 
A novel unit element composed of a resonant split ring and a phase control 
dipole has been presented for reflectarray applications. The proposed unit element 
achieves a wide phase variation range with a linear phase response on a thin substrate 
without using multi-layer structures. A tight coupling between these components yields a 
linear phase response which is similar to that achieved by the multi-layer stacked 
elements and aperture-coupled elements. The proposed element shows that different 
types of elements can be combined to increase the phase variation range or to improve 
the linearity of the phase response. The prototype reflectarray was fabricated and 
demonstrated with good results, such as a high gain of 33.0 dBi and a wide 3 dB gain 
bandwidth of 19.0 %.  
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CHAPTER V 
WIDEBAND REFLECTARRAY USING OPTIMIZATION 
 
5.1 Introduction 
The main limitation of reflectarrays is the narrow bandwidth due to two factors, the 
narrow bandwidth of the radiating elements and the differential spatial phase delay [3]. 
The differential spatial phase delay is due to the different lengths from the feed to each 
point on the front of the radiated wave. The differential phase delay is exactly 
compensated at the center frequency. To overcome the bandwidth limitation from the 
second factor, several methods using optimization routines to adjust all elements in the 
array to compensate for the frequency dispersion were introduced in [8, 9].  
In this chapter, Particle Swarm Optimization (PSO) is proposed to overcome the 
bandwidth limitation in reflectarrays due to the differential spatial phase delay. The 
phase delay of each element is compensated locally at different frequencies, by using 
PSO routine. 
 
5.2 Basic theory of Particle Swarm Optimization 
Particle Swarm Optimization (PSO) is an evolutionary computation method 
originally formulated by Eberhart and Kennedy in 1995 [31]. PSO as developed by the 
authors comprises a very simple concept, and can be implemented in a few line of 
computer code [31]. However, PSO has attracted a lot of attention from a variety of 
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engineering community, because it shows better performance than the popular Genetic 
Algorithm optimization method [32, 33].  
PSO is based on the observation that a swarm of insects, a flock of birds, a school of 
fish, or a herd of four legged animals behaves in a distinctive manner when searching for 
food, protection, or something else [34]. When a group tries to find a desirable path to 
reach a specific destination, members in the group choose the proper path based on their 
individual experience, and the members are also learning from neighbors‟ decision. 
Hence the members in the group can reach their destination faster. The mathematical 
model for the above mentioned behavior of the swarm is being used in the optimization 
technique as the Particle Swarm Optimization Algorithm (PSO) [35]. The concept of PSO is 
well described using the vector representation in [35], and this will be explained in more 
detail in Fig. 34.  
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Fig. 34. Concept of PSO algorithm 
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Each member or particle of the group or swarm has a position and velocity in multi-
dimensional space. This multidimensional space represents the solution space that is 
being searched. Each dimension represents one variable in the problem to be solved, so 
N-dimensional particle's position 1 2{ , , }NX x x x  is a solution of the problem. 
Particles are randomly or specifically initialized within the solution space, and moved by 
the swarm intelligence to achieve the goal of optimizing a specific fitness function, 
which designates the desired system performance. Every particle remembers the best 
position they have visited, communicated with each other, adjust their position and 
velocity based on the good position they found. The personal best location, pbest, is 
updated by the latest calculated fitness value of each particle, and then the global best 
location, gbest, is updated according by comparing the previous gbest with current pbest. 
Then the velocity and position of each particle for the next iteration are updated by [31] 
 
1, 1, 1, 1 1 1, 2 2 1,
( ) ( )
t n tt n t n pbest t n gbest t n
v wv c r x x c r x x
   
      (26) 
 , 1, ,t n t n t nx x v   (27) 
where vt,n and xt,n is the velocity of the particle and the position of the particle in the nth 
dimension at t iteration, respectively. c1 is a factor determining how much the particle is 
influenced by the memory of his best location, c2 is a factor determining how much the 
particle is influenced by the rest of the swarm [33]. The constant c1 and c2 have normally 
same value of 2. r1 and r2 are random numbers between 0 and 1, and give a 
unpredictability to particle‟s movements. w is inertial weight, and this number (chosen to 
be between 0.0 and 1.0) determines to what extent the particle remains along its original 
course unaffected by the pull of gbest and pbest [33].  
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5.3 Element design 
The radiating element which will be used in the proposed reflectarray is designed 
and shown in Fig. 35. The unit cell consists of two multi-resonant elements using a ring 
and a circular patch on two substrate layers. In this design, the radius of each ring and 
circular patch (r1, cr1, r2, cr2), and the gap between the ring and the circular patch on the 
bottom layer (g2) are variable, and the gap on top layer (g1) is fixed at 0.2mm. The 
relative size of the rings and the circular patches are fixed in the design (r2 = 1.1 × r1, cr2 
= 1.2 × cr1). The unit cell is a square lattice with a side length of 7mm, which is 0.51 λ0 
at 22 GHz, in both the x- and y- directions, and it is simulated using RT/Duroid 5870 
substrate with εr = 2.33 and h = 0.79mm. 
Fig. 36 shows the simulated phase and amplitude values of the reflection coefficient, 
as a function of the radius of the ring and different frequencies. The phase range 
obtained is around 1300º under normal incidence. 
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(a)                                                (b) 
Fig. 35. Stacked multi-resonant element: (a) prospective view, (b) side view 
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(b) 
Fig. 36. Reflection coefficient as a function of different frequencies: (a) phase, (b) 
amplitude 
 
5.4 Optimization process 
Fig. 37 shows the design process of the reflectarray using a PSO routine. First, using 
Equation(7), the required phase of the reflection coefficient, φn, for nth element is 
determined at three different frequencies of fc, fl, and fu, where fc, fl, and fu are center, 
lower and upper band edge frequencies, respectively, in order to achieve a re-radiated 
 51 
field with the proper phase in a predetermined frequency band from fl (21GHz) to fu 
(23GHz). Next, the optimized phase of each element is obtained with PSO routine to 
minimize a cost function defined as 
  
2
, ,
( , ) ( )( , ) ( )( , )r ai i
i l c u
e m n f m n f m n 

   (28) 
where e(m, n) is a cost function for each element located on mth and nth array grid. ϕr 
and ϕa are the required phase based on the antenna geometry and the calculated phase 
response of the unit cell, respectively. For center frequency, the cost function is 
obviously zero.  
 Fig. 38 and Fig. 39 show the difference of the phase distribution of the original 
and PSO optimized reflectarray surface.  
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Fig. 37. Design process using PSO optimization 
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(a)                                                         (b) 
Fig. 38. Comparison phase distributions between (a) non-optimized and (b) optimized 
process 
 
(a)                                 (b) 
 
(c)                                 (d) 
Fig. 39. Fabricated reflectarrays: (a) top and (b) bottom layer of the PSO optimized array, 
(c) top and (d) bottom layer of the non-optimized array 
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5.5 Measurement results 
Two 220 mm × 230 mm offset-fed reflectarrays were fabricated and measured. Fig. 
39 shows the fabricated prototype reflectarrays using 31 × 33 (1,023) stacked multi-
resonant elements printed on two substrates. The offset angle θ, between the feed horn 
boresight and the normal direction to the array surface was set to 20° to avoid field 
blockage due to the feed horn antenna. The f/D ratio of the parent parabolic reflector was 
set to 1. According to the parent reflector configuration, the feed horn antenna was 
located at a distance of Rf = 250 mm from the array lower edge. The gain of these 
prototype reflectarray was measured by comparison with a standard gain horn antenna.  
Fig. 40 shows the radiation pattern at center and edge frequencies of non-optimized 
and optimized reflectarray. As shown in the figure, a very stable gain was achieved for 
the optimized reflectarray in the band. Fig. 41 shows 1dB gain bandwidth of 9.7% for 
the optimized reflectarray. 
 
5.6 Conclusions 
A 1,000 double-layer reflectarray with stacked multi-resonant ring and circular 
patch was designed for broadband bandwidth performance using Particle Swarm 
Optimization method. It shows a 1dB gain bandwidth is equal to 10% and gain stability.  
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(b) 
Fig. 40. Radiation patterns in 21-23GHz band. (a) Non-optimized reflectarray, (b) 
Optimized reflectarray 
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1dB bandwidth : 9.7%
Freq(GHz)
20.0 20.5 21.0 21.5 22.0 22.5 23.0 23.5 24.0
P
o
w
er
 d
en
si
ty
(d
B
i)
24
25
26
27
28
29
30
31
32
33
 
Fig. 41. Measured gain as a function of frequencies 
  
 56 
CHAPTER VI 
SIX-BAND REFLECTARRAY ON TWO LAYER 
 
6.1 Introduction to multiband reflectarray 
The objective of this project is to study, analysis and design for the development 
of a multi-frequency shared-aperture reflectarray antenna for the National Oceanic and 
Atmosphere Administration‟s (NOAA) future large-aperture radiometer and imaging 
antenna at Medium Earth Orbit (MEO). Table 1 shows the performance goals of the 
multiband reflectarray. This reflectarray should support at least 6 frequency bands and 
no more than 10 frequency bands. The specifications given by JPL are as follows. 
 
Table 1. Performance goals 
Parameter  
No. of frequency bands Minimum of 6 to maximum of 10 
Aperture size 0.75 meter (scalable to larger size) 
Bandwidth Not available (generally narrow) 
Efficiency 40 % 
Polarization See Table I - 2 
Peak side lobe level -30 dB 
 
6.2 Configuration of reflectarray 
Six more important frequency bands selected for this reflectarray are 6.625, 18.7 
52.5, 57.5, 166, and 183.31 GHz. The polarization required for each frequency band is 
listed in Table 2. 
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Table 2. Frequency plan and polarization 
Frequency (GHz) Polarization 
6.625 Dual linear polarization (V and H) 
18.7 
Dual linear (V and H) and 
Dual CP (RHCP and LHCP) 
52.5 Single linear (V) 
57.5 Single linear (H) 
166 Single linear (V) 
183.31 Single linear (V) 
 
The types of the elements selected at different frequency will have significant 
effects on the amount of coupling among elements and arrangements of each layer. 
Possible element types at each frequency band are listed in Table 3. The dual ring 
configuration can be used for achieving a wider phase range. 
 
Table 3. Element types at different frequency bands 
Frequency (GHz) Element type 
6.625 Ring or cross dipole 
18.7 Cross dipole 
52.5 Ring with gap, dipole 
57.5 Ring with gap 
166 Dipole 
183.31 Dipole 
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The reflectarray will consist of 2 thin substrate layers and 2 foam spacers. The 
substrate selected for the proposed design is Roger/flex 3850 circuit material with the 
thickness of 0.0508mm. The thicknesses of the foam layers are pre-determined to be 
0.6mm and 1mm for the top and bottom layer respectively after optimized simulations. 
Each substrate layer will accommodate three frequency bands as shown in Fig. 42. 
Element spacing for each frequency band will be determined later with considerations of 
the coupling effects, grating lobes, and limited real estate of the array. 
 
 
Fig. 42. A configuration of layer of the reflectarray 
 
6.3 Top layer element design 
In order to minimize the blockage produced by the elements at the top layer, the 
elements at the top layer was designed to reduce the thickness and to increase the 
element spacing. Fig. 43 shows the arrangement of elements on the top layer. The 18.7 
GHz element, the element of middle frequency band at the top layer, will be designed 
first and then other elements will be designed afterward. 
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Fig. 43. Arrangement of the top layer 
 
A. 18.7 GHz element 
Fig. 44 shows the simulation setup of the unit cell at 18.7GHz. The dimensions of 
the unit cell are chosen to be 12.8mm (0.8 λo) x 12.8mm (0.8 λo) and the arm length of 
the cross dipole are varied for different phases of the reflected wave. Results of reflected 
phases versus lengths with different widths of arms are shown in Fig. 45. As can be seen 
from the results, a phase variation range for 0.2mm to 1.6mm of width can be from 327º 
to 286º. 0.2mm element arm width is chosen for 18.7 GHz for reducing the blocking the 
bottom layer elements. 
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Fig. 44. Simulation setup of a unit cell of the 18.7GHz element 
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Fig. 45. Phase response as a function of the dipole width (w) 
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B. 57.5 GHz element 
The simulation setup of the 57.5 GHz is shown in Fig. 46. The dimensions of the unit 
cell are chosen to be 4mm (0.77 λo) × 4mm (0.77 λo). According to Fig. 47, the total 
phase variation ranges of the circular loop for different loop width(2) vary from 294º to 
118º. Therefore loop width is chosen to 0.1mm for large phase variation range and less 
blockage. Gap width(Gw) also is selected to 0.1mm. 
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Fig. 46. Simulation setup of unit cell of the 57.5GHz element 
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Fig. 47. Phase response as a function of the ring width (w) 
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C. 6.6 GHz element 
The dimensions of the unit cell are chosen to be 26 mm (0.79 λo) × 26 mm (0.79 λo) 
and the arm length of the cross dipole are varied for different phases of the reflected 
wave. Fig. 48 and Fig. 49 show the simulation setup of a unit cell working at 6.6 GHz 
and the reflected phase responses, respectively. The result indicate the width of the cross 
dipole does not effect on the total reflected phase range significantly, but the dipole 
width is chosen to 0.4mm for fewer blockages. 
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Fig. 48. Simulation setup of a unit cell of the 6.6 GHz element 
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Fig. 49. Phase response as a function of the arm width (w) 
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6.4 Bottom layer element design 
The focus of the bottom layer design is on the elements of 52.5, 166, and 183 GHz. 
At such high frequencies, the element selection and design could be very critical. Simple 
element shapes, i.e. rectangular patches and dipoles, are chosen as the reflectarray 
elements at the high frequencies. Fig. 50 shows the arrangement of the bottom layer. 
4mm
188GHz Element
4mm
166GHz Element
4mm
52.5GHz Element  
Fig. 50. Arrangement of the bottom layer 
 
A. 166 GHz element 
The geometry of 166 GHz elements is shown in Fig. 51, which show the simulation 
setup of a unit cell. The dimensions of the unit cell are chosen to be 1.3mm (0.72 λ0) x 
1.3mm (0.72 λ0) to take into account coupling with adjacent unit cell. Both the 166 and 
183 GHz elements are placed in the unit cell so that the effects of one element on the 
other could be taken into considerations. The thickness of the copper cladding is also 
considered in the simulations for better accuracy. The width of the rectangular patch is 
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fixed at 0.22 mm and the length is varied for different phases of the reflected waves. The 
height of top and bottom foam layer is 0.6mm and 1.1mm, respectively. The phase 
variation range is about 315
o
 as shown in Fig. 52. 
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Fig. 51. Simulation setup of unit cell of the 166 GHz element 
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Fig. 52. Phase response as a function of the dipole length 
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B. 183 GHz element 
As what have been done in the previous simulations, the unit cell also includes the 
166 GHz elements to take into account the possible mutual coupling effects in Fig. 53. 
The unit cell size is the same as the size at 166 GHz and the width of the dipole is 0.1 
mm. As shown in Fig. 54, the phase variation range is about 320
 o
.  
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Fig. 53. Simulation setup of unit cell of the 183GHz element 
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Fig. 54. Phase response as a function of the arm length 
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C. 52.5 GHz element 
Dipoles with variable lengths are used for the 166 and 183 GHz bands. The choices 
of the element type at the 52.5 GHz are limited by the 166 and 183 GHz elements which 
are located at the same layer. Dipole elements are used again for the 52.5 GHz as shown 
in Fig. 55, but they are oriented vertically in perpendicular to the 166 and 183 GHz 
elements. Fig. 56 shows the phase variation range of 290° which is achieved by 
changing the dipole length. 
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Fig. 55. Simulation setup of unit cell of the 52.5 GHz element 
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Fig. 56. Phase response as a function of the dipole length 
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6.5 Coupling effects with neighborhood elements 
In this chapter, various cases of intersections are investigated, for example, cases 
between elements at different frequencies band on top layer, cases between elements on 
bottom layer, and cases between elements on top layer and ones on bottom layer. As 
shown in Fig. 57 and Fig. 58, though the top and bottom elements are placed together in 
a unit cell of radiating elements, each element can obtain the necessary reflection phase. 
The reflection phases are shifted but the phase variation ranges are similar. 
 
6.6 Conclusions 
This chapter presents a reflectarray configuration which supports the operation of 
six frequency bands. The proposed reflectarray has two substrate layers and each layer 
accommodates array elements of three frequency bands. The reflection phase curves of 
the array elements of different frequency bands are simulated and summarized in Table 4. 
Interactions among the elements are also explored. Detailed results of the reflection 
phase curves in different situations have been presented in this chapter. Based on the 
high accuracy of the simulation software, these results are believed to be reliable and are 
ready for real implementation of the reflectarray.  
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(c) 
Fig. 57. Coupling effects on the elements on top layer: (a) 6.6GHz, (b) 18.7GHz, and (c) 
57.5GHz 
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Fig. 58. Coupling effects on the elements on bottom layer: (a) 52.5GHz, (b) 166GHz, 
and (c) 183GHz 
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Table 4. Design parameters of the reflectarray elements 
Top layer 
Freq. Shape 
Element 
description 
Element 
spacing 
Single element 
achievable reflection 
phase range 
6.6 GHz 
Cross 
dipole 
Equal arm length 
Width: .0.4mm 
0.79 λo 355° 
18.3 GHz 
Cross 
dipole 
Equal arm length 
Width: 0.2mm 
0.80 λo 327° 
57.5 GHz 
Circular ring 
with gap 
Width: 0.1mm 
Gap: 0.1mm 
0.77 λo 295° 
Bottom layer 
Freq. Shape 
Element 
description 
Element 
spacing 
Single element 
achievable reflection 
phase range 
52.5 GHz 
Horizontal 
Dipole 
Width: 0.2mm 0.68 λo 290° 
166 GHz 
Vertical 
Dipole 
Width: 0.22mm 0.72 λo 315° 
183 GHz 
Vertical 
dipole 
Width: 0.1mm 0.79 λo 320° 
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CHAPTER VII 
RECTIFYING ANTENNA USING REFLECTARRAY 
 
7.1 Introduction to rectenna 
 Space solar power transmission (SPT) and microwave wireless power 
transmission (WPT) have been attracted not only for an alternative solution to world 
energy problems in the future, but also for modern commercialized uses such as radio 
frequency identification charger, or battery or power line free devices. The rectifying 
antenna called rectenna is one of the most key components in the SPT and WPT system. 
Among many technical developments in WPT history, the rectenna technologies have 
been dominantly improved for the system performance and efficiency improvement [36-
38]. 
 Traditionally, dipoles or dipole-like antennas are used in rectenna design [39]. 
The coplanar stripline (CPS) is normally used to feed the antenna in a rectenna system 
due to easy fabrication and high characteristic impedance [40-42]. In recent years, 
several different types of rectenna with different performances have been reported. A 
harmonic-rejecting circular sector rectenna for avoiding filter sections in rectenna 
circuits was reported [43]. A circularly polarized dual band rectenna was developed for 
portable wireless device applications [44]. Another circular polarized rectenna with two 
slot patch antennas was built for dual band performances: one resonant band is for data 
communication and the other is for wireless power transmission [45]. To prevent the 
output voltage variations due to improper main beam alignment, a non-uniform rectenna 
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array was proposed [46]. Another solution to have constant output power is to use a 
retrodirective array [47-49]. The automatic beam steering features have been widely 
used in many wireless communication systems [50, 51]. Retrodirective rectennas also 
have been developed using bow-tie antenna and microstrip ring elements [52, 53].  
 To provide high DC output power, the rectenna system needs to receive a large 
amount of incoming RF power. To achieve this, high gain antenna element or a large 
antenna array for high gain performance are necessary. In this chapter, the WPT system 
and the rectenna operation theory are reviewed, and then an efficient high gain rectenna 
with pentagon rings is presented. 
 
7.2 Wireless power transmission system 
The main difference between the WPT system and communication systems is 
transferred power efficiency. Normally, the communication systems receive signals from 
all directions when the transmitters diffuses the signals while the WPT systems focus on 
a point receiver or pointed receivers for efficient wireless power transfer. So, even 
though the received signals have enough power for communications, the efficiency of 
the communication system is very low comparing with the WPT system. Therefore, 
efficiency is critical factor in the design of the WPT system. A WPT system consists of 
three main functional blocks as shown in Fig. 59. The first block is DC-to-RF transmitter. 
The original DC energy is converted to RF energy and the converted RF is radiated in 
the first block. The original DC source is collected by either photovoltaic cells or solar 
thermal turbines. 
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Fig. 59. Wireless power transmission system schematic 
The DC to microwave convertor is either microwave tube (magnetron) system or 
semi-conductor systems. The antenna element or array antennas are used to radiate the 
RF energy. The efficiency (ηt) of the first block, the electric to microwave conversion 
efficiency, is equal to the product of magnetron efficiency (ηmag) and the array antenna 
efficiency (ηa). The magnetron efficiency is used to express how efficient the RF source 
works. The antenna efficiency at the transmitter represents the ability of the antenna to 
radiate the distributed RF power fed from the RF source and radiated into free-space.  
 The second block is free space channel. The radiated RF power from the array 
antenna is transferred across free space within a specific focused beam towards a 
receiver. The efficiency (ηc) is this block, collection efficiency, is the ratio of the 
received power over the transmitted power. For maximum collection efficiency, an 
optimum power density distribution must be selected for the transmitting antenna 
aperture. A non-uniformly illuminated aperture increases the collection efficiency and it 
has been seen that the optimal taper is of Gaussian type. The collection efficiency is 
proportional to a design parameter, which is expressed as Goubau‟s relation [54, 55].  
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D


  (29) 
where Ar and At are the aperture areas of the receiver and the transmitter antennas. As 
can be seen from this equation, Goubau‟s relation can be used to determine the size of 
the apertures involved. The collection efficiency is given by  
 
2
(1 e ) 100%c
     (30) 
which is proportional to the power density and the incremental area of the antenna. For 
example, as At becomes larger, the incident power density also increases leading to a 
higher collection efficiency as seen through. This translates into a tradeoff between the 
efficiency and the size.  
 The last block is RF-to-DC receiver, where rectennas rectify the incoming RF 
signals to generate DC output power. Fig. 60 shows the basic components of the 
rectenna element. An antenna element attaches to a RF filter (bandpass or lowpass filter) 
that transforms the impedance of the antenna to the rectifier impedance and prevents the 
high-order harmonics resulted from the rectifier reradiating.  
 
 
Fig. 60. Rectenna block diagram 
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The rectifying diode is the core element of the rectifier. The output DC filter of a 
large capacitor effectively shorts the RF energy and passes the DC power. A load 
resistor is placed at the output terminal to measure the DC output voltage. The efficiency 
of this block is called rectenna efficiency. 
The overall efficiency (ηall) of a WPT system is the ratio of the DC output power at 
the receiver end over the DC (or RF) input power at the transmitter end, which is given 
by 
 all t c r       (31) 
which means that the end-to-end efficiency includes all the sub-efficiencies starting from 
the DC supply feeding the RF source in the transmitter to the DC power interface at the 
receiver output. 
 
7.3 Rectenna operation theory 
It is important to understand how a half-wave rectifier with shunt capacitor works, 
which is the fundamental theory used for a microwave rectenna design. The basic theory 
of the half-wave rectifier can be found in [56]. The rectenna operation theory has been 
studied in [40, 41]. In this chapter, several important concepts are reviewed. 
A. Rectifying circuit theory 
 The rectenna circuit consists of the half-wave rectifier circuit and the DC-pass 
capacitor where the capacitor is in shunt with the diode as shown in Fig. 61 (a). The 
voltage across the load as a function of time is  
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Fig. 61. (a) Half-wave rectifier with capacitor and (b) its waveforms 
    0 0 L L
t t
R C R C
L P Pt V e V e
 
     (32) 
where RLC is the time constant, VP is the initial value and 0 is the final voltage if the 
capacitor completely discharges. The time t is measured from the peak where the voltage 
is equal to VP. When the rectenna‟s operating frequency has such a short period in 
comparison with the RLC time constant, the exponential decrease in the voltage can be 
approximated by a straight line as shown in Fig. 61 (b).  
By series expanding, equation (32) becomes 
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Since the decreasing voltage has been approximated as a straight line, the linear terms of 
the equation (33) are kept and the minimum voltage at t = T becomes 
 min
1
1 1P P
L L
T
V V V
R C fR C
   
      
   
 (34) 
Once the diode voltage drops to Vmin, the diode turns on and the voltage again 
approaches Vmax = VP. The peak-to-peak ripple of the voltage waveform is 
 max min
P
r
L
V
V V V
fR C
    (35) 
and the average DC diode voltage present across the load resistor is  
 max min
1
1
2 2
D P P
L
V V
V V V
fR C
 
    
 
 (36) 
The period of the incoming 5.8 GHz energy is 172.4 ps. The capacitance of the DC-pass 
filter is approximately 2400 pF. This translates to RLC >> T. Therefore, the ripple 
voltage Vr is very small, and the average diode DC voltage is VD  VP.  This average DC 
diode voltage is also known as the self-bias voltage used in further analysis.  
B. Diode modeling 
Fig. 62 shows a RF voltage waveform operating across the diode and the diode 
junction voltage. This model assumes the harmonic impedances seen by the diode are 
either zero of infinite that avoids the power loss by the harmonics. The fundamental 
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voltage wave will not be corrupted by the higher order harmonic components. Then the 
rectenna conversion efficiency only depends on the diode electrical parameters and the 
circuit losses at DC and the fundamental frequency. The voltage waveform can be 
expressed as 
  cosV V V tI D P     (37) 
 
Fig. 62. Diode current-voltage characteristic curves with the incident fundamental and 
diode junction voltage waveforms 
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where VD is the self-bias DC output voltage across the resistive load RL, and VP is the 
peak voltage amplitude of the incident RF power. The rectifying diode acts as a mixer 
that produces a self-bias voltage. As the incident power is increased, the rectified self-
biasing will become more reversed biased. The diode junction voltage is 
 
 cos ,0 1
,
V V t V Vjj j bi
V j V V Vjbi bi
    

 

 (38) 
where Vj0 and Vj1 are the DC and fundamental frequency components of the diode 
junction voltage, respectively; Vbi is the diode‟s built-in turn-on voltage; on is the 
forward bias turn-on angle. When the junction voltage exceeds Vbi, the diode will 
operate in forward conduction. Fig. 62 also shows that the diode‟s junction waveform 
slightly lags the incident power by a phase difference.  
The equivalent circuit used to determine the diode‟s efficiency is shown in Fig. 
63. The diode parasitic reactive elements are excluded from the circuit. The diode model 
consists of a series resistance RS, a nonlinear junction resistance Rj, a non-linear junction 
capacitance Cj, and a load resistor RL. The junction resistance Rj is assumed to be zero 
for forward bias and infinite for reverse bias. Applying Kirchoff‟s voltage law in the 
equivalent circuit, we have  
 0
,
V I R V
D D S j dc
    (39) 
With VD = IDRL, the DC output voltage is given by 
 
,
R
LV V
D j dc R R
LS
 

 (40) 
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Fig. 63. Equivalent circuit model of the half-wave rectifier 
The DC output voltage is determined from the rectified voltage across the diode junction 
Vj. In each cycle, the average value of Vj is 
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The first term and the second term represent the forward-biased and the reverse-biased 
cases. Integrate the equation gives 
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  (42) 
When the diode switches from off to on, Vj = Vbi. Then we have 
 cos
0 1
V V Vonj j bi
    (43) 
When the diode is off, Rj is infinite. Applying Kirchoff‟s voltage to the other loop gives 
 0V IR VjI S
     (44) 
with 
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These two equations can be rewritten by 
 
  ( )d C V V Vj j jI
dt R
S

   (46) 
where Cj can be expressed as a harmonic function of VD  
    cos cos 2 2 ...0 1 2C C C t C tj           (47) 
Using above two equations yields 
   sin cos cos sin sin1 0 0 1 0 1R C V C V V V V V VD P PS j j j j            (48) 
where  = t - . Because this equation also holds for the off period, each sinusoidal 
term can be collected as 
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  sin 1 0 0 1V R C V C VP S j j    (51) 
Substituting (49) to (42) and inserting (39) into (42) obtains 
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It can be shown that the phase difference can be approximated to be zero, which 
results in VP = Vj1. Inserting this and (49) into (43) and (52) to obtain 
 tan
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V
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 82 
This transcendental expression allows obtaining on iteratively, which is dependent on 
the diode input power that determines both Vbi and VD. 
The diode efficiency can be expressed as 
 
P
dc
D P P
L dc
 

 (54) 
where PL is the power dissipated by the diode and Pdc is the DC output power across RL. 
They are given by 
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The three terms of the diode loss PL can be expressed by 
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Since it is assumed the junction resistance is infinite during the off cycle, the loss 
through the diode junction has been neglected. These power losses are the time-average 
products of the current flowing through an element and the voltage across the element. 
The total power dissipated on the series resistance can be solve by integrating 
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Using the RF current instead of voltage in the second integral, (58) can be rewritten as 
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where I is the RF current flowing through the diode in reverse bias. It is assumed that no 
current flows through Rj in reverse bias and all of the current flowing through RS flows 
through Cj. Then (45) can be expressed as 
 
dV j
I C j dt
  (62) 
The voltage drop across RS is so small in the off cycle that the phase difference  is set 
zero. Apply this in (52) to obtain Vj1 = VP. Then 
  cos sin0
d
I C V V t C Vj jP Pjdt
       
  
 (63) 
The power dissipated by the diode junction is rewritten as 
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where VP is determined, while the diode is off, by 
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Use the results from (63) and (68) and insert them into (57), we have 
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with ω = 2πf. The diode junction capacitance is given by 
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where Cjo is the zero bias junction capacitance of the diode. 
The input impedance of the diode can be decided from the current I flowing through 
RS in one cycle, that is 
    cos sin0 1 1I I I t I tr i     (71) 
where I0 is the DC component; I1r and I1i are the real and imaginary parts of the 
fundamental frequency component, respectively. These current components are 
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The diode input impedance at the fundamental frequency is 
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Assume that there is no current flow through Cj during forward bias and that all current 
flow through during reverse bias, the diode current in one cycle can be found by 
integrating 
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The second integral is solved similar to that in (60). Then the diode input impedance can 
be written as 
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If the reactance of the diode impedance is tuned out by using the impedance matching, 
the diode input impedance can be rewritten as 
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The input resistance is a dynamic variable dependent on the input power, as the same as 
the diode efficiency.  
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7.4 High gain rectenna element design 
 The rectenna is comprised of two pair of pentagonal loop antennas, a detector 
diode in shunt, a capacitor in shunt, and a load at the end of the rectenna system. The 
coplanar stripline-fed pentagonal loop antennas are designed to achieve high gain and 
high radiation efficiency. The main role of the antenna is to receive the RF signals 
effectively from free space. Unlike normal rectenna designs, this rectenna element does 
not include a band-reject filter which is for suppression of harmonics generated from a 
rectifying diode, because the reflectarray just reradiate the operating frequency The RF 
signals passed the diode are converted into DC power. The capacitor next located to the 
diode works as DC pass filter. It does not only block RF signals traveling toward the 
resistive load, but also tune out the reactance of the diode. Finally, the proper value of 
the resistive load is selected to maximize output DC power. To optimize the rectenna 
performance, proper placement of the diode and the DC pass filter should be carefully 
considered.  
A. Pentagonal loop antenna  
The proposed antenna shown in Fig. 64 has a linearly polarized high gain 
characteristic which is demanded for rectenna systems. The four pentagonal loops with 
the same size are based on coplanar stripline feed. The antennas printed on the substrate 
RT/Duroid 5880 with εr = 2.2, and h1 = 0.508mm. A reflecting conducing plane is 
placed 11.2 mm (h2) below the substrate to achieve a higher gain by directing the beam 
broadside in one direction, and reduce the back-radiation. 
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Fig. 64. Configuration of the proposed high gain rectenna with pentagonal loops 
 
The antenna parameters are optimized for 5.8 GHz frequency operation by using the 
IE3D simulator, electromagnetic full-wave analysis software based on Method of 
Moment. The optimized dimensions are Lp = 12.7 mm, LS = 14.76 mm, LA = 11. 41 mm, 
LB = 43. 65 mm, and Wp = 0.85 mm. With these values, the antenna achieves high gain 
of 13.0 dBi at 5.8 GHz. Fig. 65 and Fig. 66 show the simulated input impedance and 
gain of the antenna. The antenna input impedance ZA is equal to 112 Ω. For antenna 
design in a rectenna system, the input impedance of the antenna should be matched with 
input impedance of rectifying diode circuit. 
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Fig. 65. Simulated input impedance of the antenna 
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B. Coplanar stripline structure  
 The proposed rectenna is based on coplanar stripline structures as shown in Fig. 
64. The dimensions of the CPS in both antenna feed and the rectifying circuit are w = 0.9 
mm and g = 0.4 mm. The characteristics impedance of the CPS is 184 Ω. Another CPS 
structure is located between the antenna and the diode as an impedance transformer. To 
obtain optimizing matching network, the CPS is designed with w = 1.92 mm and g = 0.4 
mm for 143.5 Ω of characteristic impedance. Therefore, the input impedance ZD before 
the diode becomes 184 Ω. In rectenna design, the characteristic impedance of the based 
transmission line is chosen to match the impedances of the antenna with the diode to 
reduce the signal reflections between these components. 
C. Detector diode and dc pass filter  
 The diodes used in this dissertation are the GaAs flip chip Schottky barrier 
diodes (Model MA4E1317) from M/A COM. It has a series resistance RS = 4 Ω, zero-
bias junction capacitance Cj0 = 0.02 pF, forward-bias turn-on voltage Vbi = 0.7 V, and 
breakdown voltage VB = 7 V. The junction capacitance (Cj) of the diode, described in 
(70), significantly affects the diode efficiency, which is a function of the diode output 
voltage. Equation (70) is rewritten here for convenience 
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| |
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j j
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

 (79) 
VD is the output self-bias voltage of the diode. Higher VD results in a smaller junction 
capacitance, which also gives better conversion efficiency. The maximum efficiency 
occurs when Cj approaches to zero. Furthermore, the diode should operate as close to its 
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voltage limit as possible to minimize its reactance. This reduces the reflection of the RF 
power at the diode terminal and hence increases the rectenna efficiency. 
 A broadband DC-blocking chip capacitor by Dielectric Laboratories (Model 
C08BLBB1X5UX) is chosen as the DC pass filter. The DC pass filter not only tunes out 
the reactance of the diode but also blocks the unwanted RF signals from reaching the 
load resistance. The detector diode and the DC-blocking capacitor are mounted across 
the coplanar stripline by using silver epoxy. 
D. Rectenna measurements and conversion efficiency  
 The free space measurement of the rectenna has been studied in [42]. The 
equipment setup is shown in Fig. 67. The RF-to-DC conversion efficiency of the 
rectenna (η) can be defined as 
 
DC
r
P
P
   (80) 
PDC is the DC output power. Friis transmission equation is used to calculate the power 
propagating to the CP antenna (Pr). A NARDA standard horn antenna with a 15 dB gain 
(Gt) is used to transmit the RF power (Pt), and the rectenna gain (Gr) is set equal to 10.1 
dB. By changing the distance between the horn antenna and the rectenna, the efficiencies 
for different power densities are determined. The power density (Pd) is given by 
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  (81) 
where D is the distance between the horn antenna and the center of the rectenna. 
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Fig. 67. Free space measurement setup of the rectenna 
 
The conversion efficiency curves of the single high gain rectenna at 5.8 GHz are 
shown in Fig. 68. The best RF-to-DC conversion efficiency of the rectenna is 75 % when 
the load and the DC output voltage are 100  and 5.4 V, respectively. It is obviously 
seen that the efficiency gradually decreases as the load resistance increases. 
E.  Summary 
 In this chapter, WPT system and rectenna operation theory have been reviewed. 
A pentagonal loop antenna has been developed at 5.8 GHz. The pentagonal loop 
provides linear polarization and achieves high gain of 12.5 dBi. The CPS feed line is 
designed with characteristic impedance of 184 . An impedance transformer is used to 
match the antenna input impedance to the diode input impedance. The proposed rectenna 
achieves a maximum conversion efficiency of 75% with the resistive load of 100 .  
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Fig. 68. Measured rectenna efficiency at 5.8 GHz 
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7.5 Reflectarray design 
In this chapter, a compact reflectarray element is designed for a rectifying 
reflectarray system. The configuration of the proposed reflectarray is shown in Fig. 69. 
The 182 (14×13) reflectarray elements are printed on the substrate Rogers RT Duroid 
5880 with thickness of 0.508 mm. The spacing form layer (εr = 1.06) of 3.2 mm is 
inserted between the substrate and the ground plane. The reflectarray and unit cell 
element in the close-up picture of the reflectarray elements are shown in Fig. 70. The 
proposed element is a combination of an inner circular patch and an outer ring with ring 
radius and width of R and Wr, respectively. In the element design, outer ring width Wr 
and gap width Wg is fixed as 1 mm and 0.5 mm, respectively. The important design 
parameter is radius of the outer ring R which is varied to obtain the element reflection 
phase variation curve.  
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Fig. 69. Perspective view of reflectarray 
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Fig. 70. Reflectarray unit cell and its pictures 
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Fig. 71. Phase variation of the unit cell element 
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The unit cell is located in a square lattice with the size of 18 mm × 18 mm, which 
is 0.35 λ0 × 0.35 λ0 at 5.8 GHz. This compact size unit cell allows more elements to be 
added in the limited area, which leads to have higher gain. Fig. 71 shows the simulated 
reflection phases against the unit cell element by controlling the outer ring radius R at 
the operation frequency of 5.8 GHz. Neither the ring nor the circular patch alone can 
provide a sufficient phase variation range for a practical reflectarray design. With the 
proposed ring-patch combination, it is found that the compact reflectarray element 
provides a sufficient phase range of 370
o
.  
In the design of a reflectarray, it is desired to find the maximum aperture 
efficiency with the given design parameters. Fig. 72 shows the aperture efficiency versus 
the ratio of the feed height F to reflectarray diameter D. In this study, the offset angle θ0 
is set at 25
o 
to prevent the blockage of the incident wave from the rectenna structure. As 
F/D grows, the maximum aperture efficiency appears at the higher q factor value. For 
example, if the gain of the feed antenna is set 10 dBi, which means the q factor value is 
about 2, from the graph, the aperture efficiency of the reflectarray is expected as 60 % 
with F/D of 0.6. Fig. 72 shows efficiencies versus q value with F/D of 0.6. It is seen 
from the results that as the value q increase, the spillover efficiency increases and the 
illumination efficiency decreases in Fig. 73. The aperture efficiency reaches a maximum 
when q is equal to 0.66 in this study.  
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Fig. 72. Aperture efficiency vs. F/D 
 
 
Fig. 73. Efficiency vs. F/D 
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7.6 Combining reflectarray and rectenna 
 A novel rectenna array using a reflectarray which is called “rectifying 
reflectarray” here is presented in this chapter. The difference from the conventional 
reflectarrays is that the feed antenna of a reflectarray is replaced with a rectifying 
antenna to generate DC energy. The rectenna with high gain property in previous chapter 
and the reflectarray proposed with compact unit cell in this chapter are combined into a 
novel rectifying reflectarray. This rectifying reflectarray can illuminate complicated feed 
network from rectenna arrays with same aperture sizes. 
 Fig. 74 shows the feed antenna designed to measure the gain of the reflectarray. 
The antenna component is the same with the antenna in the high gain rectenna circuits 
except the connected balun, instead of a rectifying circuit. The foam layer inserted 
between substrate and ground plane is not filled by foam, but is supported by four plastic 
screws, which make thickness of the layer controllable. The measured radiation patterns 
of the feed antenna are shown in Fig. 75. Maximum gain of the antenna in elevation 
plane is 12.5 dBi.  
 The reflectarray is measured with the pentagonal loop antenna located at focal 
point as shown in Fig. 76. In the reflectarray design, q factor is 2 for the feed gain of 13 
dBi and F/D is set by 0.6. So, almost 60 % maximum aperture efficiency is expected 
from the reflectarray theory. To avoid incident field blockage, the reflectarray has the 
offset feed with θ0 = 25
o
.  
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(a) 
 
                                             (b)                                          (c) 
Fig. 74. Feed antenna to verify the gain: (a) perspective view, (b) top surface, and (c) 
bottom surface 
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Fig. 75. Measured radiation patterns of the feed antenna in azimuth plane 
 
 
Fig. 76. Reflectarray with the feed antenna 
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Fig. 77. Measured radiation pattern of the reflectarray at 5.8 GHz 
 
 The measured radiation pattern of the reflectarray at 5.8 GHz is shown in Fig. 77. 
The main beam is at boresight and the 3 dB beam width is about 11
º
. The peak side lobe 
level relative to the main beam is 16.2 dB. The maximum gain of the reflectarray is 21.5 
dBi, which is expected value from the reflectarray space configuration information.  
The measured conversion efficiency curves of the rectifying reflectarray are shown 
in Fig. 78. Like the single antenna case, the reflectarray rectenna achieves the maximum 
conversion efficiency of 71
o
 when the resistive load is 100 . The conversion efficiency 
of 150  load shows similar efficiency results with the 100  case. As the load 
resistance value increase, the efficiency gradually decreases.  
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7.7 Summary 
Basic operation theory of the reflectarray is reviewed. Several efficiency terms are 
proposed, analyzed and derived to obtain the aperture efficiency of the reflectarray. 
Based on the design theory, a reflectarray with compact unit cell elements has been 
developed. The antenna component is measured with a balun and achieves 12.5 dBi 
maximum gain. The reflectarray is measured with the feed antenna to check the gain of 
the reflectarray. The maximum gain is 21.4 dBi. The proposed rectifying reflectarray 
with the rectenna located at the focal point is measured with several load resisters and 
achieved 71 % maximum conversion efficiency. 
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Fig. 78. Measured conversion efficiency of the rectifying reflectarray 
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CHAPTER VIII 
MICROWAVE APPLICATION: SPIRAL ANTENNA FED BY DSPSL 
 
8.1 Introduction  
The most important advantage of circularly polarized (CP) antenna is: no need for 
precise alignment between transmit and receive antennas, resulting in better immunity 
over multipath fading environment. Spiral antennas have been a popular choice for 
wideband radiating systems in communication and other systems because of wide band 
CP characteristics [57]. Since the spiral antenna is a balance structure, its feed structure 
needs a balun to transform unbalanced line (microstrip line or coplanar waveguide) into 
balanced line. Although the spiral antenna itself is a very wideband component, the 
whole antenna performance could be degraded due to the limits of balun [58]. In this 
chapter, an electromagnetic coupled balun formed microstrip line to Double Sided 
Parallel Strip Line (DSPSL) is proposed to feed an Archimedean spiral antenna.  
 
8.2 Introduction to Double Sided Parallel Strip Line 
Double Sided Parallel Strip Line (DSPSL) has been analyzed first by Wheeler using 
conformal transformation mapping method. The analyses show the closed-form 
equations derived for symmetrical DSPSL separated by an air [59] and a dielectric layer 
[60]. However, by comparing with conventional microstrip lines, the characteristics of 
the symmetrical DSPSL can be found with less complexity using the symmetry. Fig. 79 
shows the configurations and their electric field distribution of the DSPSL (a) and the 
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conventional microstrip line (b). The horizontal electric fields of symmetry in Fig. 79 (a) 
generates zero potential plane located at Z = h/2 since the two conductors on top and 
bottom are identical in magnitude and opposite in phase by image theory. A zero 
potential plane can be considered as a virtual ground plane, which relates the 
symmetrical DSPSL to the conventional microstrip lines. In Fig. 79, the conductor width 
of the DSPSL and the microstrip is the same as W. The substrate height of the DSPSL, 
and the microstrip line is 2h and h, respectively. 
 
εr
W
2Cd
2Cd
h
Ld/2
Ld/2
 
(a) 
εr h/2
W
Cm
Lm
 
(b) 
Fig. 79. Configurations of (a) symmetrical double-sided parallel-strip line and (b) 
conventional microstrip line 
 
According to the image theory, it can be seen that the inductance per unit length of 
the DSPSL Ld is twice of that of the microstrip line Lm, and the capacitance per unit 
length of the DSPSL Cd is one half of that of the microstrip line Cm. Therefore, the 
characteristic impedance of the two cases can be given by 
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where Zcd and Zcm is the characteristic impedance of the DSPSL and microstrip line, 
respectively. The equation (82) shows that characteristic impedance of the symmetrical 
DSPSL in Fig. 79.(a) is twice of that of the microstrip line in Fig. 79.(b). The 
characteristic impedance of the symmetrical DSPSL with the substrate height of h can 
also be expressed by the microstrip line‟s equations as  
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where εeff1 and εeff2 are the effective permittivity for each cases and εr is the relative 
permittivity of the substrate height h/2. The equations(83), (84) may be useful for the 
DSPSL design due to the lack of calculating commercial tools for characteristic 
impedance of the symmetrical DSPSL. In comparison with the microstrip line of the 
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same height, the DSPSL has wider stripline with the same characteristic impedance and 
shorter wavelength with the same stripline width. 
 
8.3 Spiral design 
A two-arm Archimedean spiral antenna is designed to illustrate the DSPSL feed 
design. Fig. 80 shows the geometry of the Archimedean spiral antenna for simulation. 
Each arm of an Archimedean spiral is linearly proportional to the angle ϕ, and the edge 
of each arm can be defined by the following equations [61]. 
 1 0 1r r b   and 2 0 2r r b   (87) 
 3 0( )r r     and 3 0 2( )r r b     (88) 
where r1 and r3 is the inner radius of the spiral arms, and r2 and r4 is the outer radius of 
the spiral arms. The width of the arm, w is given by b2 – b1.  
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Fig. 80. Geometry of the two-arm spiral antenna 
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The Archimedean spiral antenna radiates from an active region where the 
circumference of the spiral equals one wavelength, and the currents on the adjacent 
transmission line are approximately in-phase [61] . The lowest and highest operating 
frequencies are determined by the outer and inner radius, respectively.  
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Fig. 81 shows the simulated results for a design with the inner radii 
1 3 0.67r r mm  , the outer radius 22outr mm , the distance between the neighbor arms 
1.4s mm , and the arm width 2.23w mm  using an RT/Duroid 5870 substrate with 
2.33r   and 0.7874subh mm . Quasi-frequency independent behavior is shown from 
2.3GHz to 20GHz. The impedance is increasing gradually because the lumped port used 
in simulation is considerably larger than the highest frequency. The reactance across this 
bandwidth is zero.  
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Fig. 81. Simulated input impedance and VSRW of the lumped-fed spiral antenna 
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8.4 Microstrip line to DSPSL transition design 
The spiral antenna exhibits broadband behavior with high efficiency, but it is 
difficult to feed these antennas without degrading these performances. Several ways to 
feed spiral antennas have been developed to preserve the radiation and impedance 
bandwidths, while adapting the antennas to specific applications. [58, 62-67]. One of the 
DSPSL characteristics is a broadband bandwidth, which is appropriate to feed spiral 
antennas.  
 
(a) 
L1 L2
L3
g
w1
w2
 
(b) 
Fig. 82. DSPSL feed structure: (a) top view, (b) bottom view 
 
Fig. 82 illustrates the geometry of the DSPSL feed for an Archimedean spiral 
antenna using same substrate with the spiral antenna, RT/Duroid 5870. This is 
synthesized by transforming the input impedance Z1 of the spiral antenna into the 
measurement system‟s impedance Z0 = 50Ω. The DSPSL is designed with the line width 
w1 = 2.23mm (same with the arm width of the spiral), the horizontal distance between 
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upper line and lower line g = 1.35mm, the DSPSL section length L1 = 5mm, the 
intermediate section L2 = 36mm, the microstrip line section L3 = 20mm, and the ground 
width w2 = 20mm. Fig. 83 shows the prospective view of the spiral antenna fed by 
DSPSL. Each arm of the spiral antenna is attached to the strip line with same width.  
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Fig. 83. Geometry of whole spiral antenna 
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Fig. 84.Simulation result of whole spiral antenna 
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Fig. 84 shows the simulated results for the DSPSL-fed spiral antenna. The VSWR 
remains below 2.0 across the bandwidth from 2.5GHz to 20GHz.  
 
8.5 Fabricated antenna and measurement result 
Fig. 85 shows the fabricated spiral antenna and DSPSL feed structure. The center of 
spiral antenna is cut a slot, and the arms are soldered onto the DSPSL lines. Fig. 86 
shows the VSWR of the measured and simulated the spiral antenna. The VSWR remains 
below 2 over the whole range, and these results are in good agreement until 17GHz. The 
disagreement in higher frequencies comes from an inaccuracy of cutting or soldering.  
 
 
Fig. 85. Fabricated DSPSL-fed antenna 
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Fig. 86. VSWR of the measured and simulated DSPSL-fed spiral antenna 
 
 
8.6 Conclusions 
The design of a DSPSL-fed two arm Archimedean antenna has been proposed, 
fabricated, and measured. A wideband DSPS line transforms one arm of the spiral 
antenna into the stripline feed network, and transforms impedance. Measured and 
simulated results show wideband behavior and good agreement.  
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CHAPTER IX  
SUMMARY AND CONCLUSIONS 
 
9.1 Summary 
As an alternative of a traditional parabolic reflector, the microstrip reflectarray has 
recently being investigated for high-gain applications because of low profile, light 
weight, and small masses. However, the microstrip reflectarray suffers from narrow 
bandwidth caused by its inherit distinct and differential spatial phase delay. To improve 
the bandwidth, wideband elements have been developed, but their structures are 
complicated and need multi-layers.  
In this dissertation, several developments have been carried out to overcome this 
narrow bandwidth in simple structures. The reflectarrays using large phase range 
elements have been developed. A microstrip ring and slot element achieved large phase 
variation range about 700º on a single layer, and modified to have a linear phase 
responses which results in improving the bandwidth. The single layer reflectarray using 
coupled elements which are composed of split rings with strip lines have been developed 
and showed a wide bandwidth of 19%. Particle Swarm Optimization technique was used 
to obtain the proper phase distribution for each element over a given frequency band. 
The prototype reflectarray adjusted by PSO routine have shown the wide band 
characteristics and gain stability in a given frequency band. 
As a different type of solution for the narrow bandwidth, a six-band reflectarray has 
been developed on two layers. Each three different frequency band elements are located 
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on each layer. The capabilities of phase variation range of each element and the coupling 
among elements have been investigated.  
A new application of the reflectarray, the rectifying reflectarray, was presented in 
the last chapter. The rectifying reflectarray was composed of a reflectarray which 
focuses RF energy to the focal point and a rectenna located at the focal point which 
generates DC power. This configuration removed complicated rectenna array and 
showed conversion efficiency of 71%. 
Lastly, a DSPSL-fed Archimedean spiral antenna has been developed. Using wide 
bandwidth characteristics of Double Sided Parallel Strip Line, the spiral antenna shows 
wide bandwidth from 2.5GHz to 20GHz. 
 
9.2 Recommendations for future research 
The beam shaping of reflectarrays can be achieved by adjusting the phase of the 
reflection coefficient at each element on the array surface. A Particle Swarm 
Optimization can be used to obtain the required phase distribution on the reflectarray 
surface which generates the shaped beam pattern.  
A coupled element composed of a split ring and a stripline presented in Chapter IV 
can control the resonant frequency with the radius of the split ring and the reflected 
phase with the line length. By adding varactors in the split ring and diodes in the 
stripline, the element can have the capabilities of the phase shifting and the frequency 
shifting.  
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